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Abstract:



Three new pentacyclic triterpenoids: (20R)-3-oxolupan-30-al (1), (20S)-3-oxolupan-30-al (2) and (20R)-28-hydroxylupen-30-al-3-one (3), along with (20S)-3β-hydroxylupan-30-al (4), the latter previously described as a constituent of an epimeric mixture, were isolated from Acacia mellifera. In addition, the known metabolites 30-hydroxylup-20-(29)-en-3-one (5), 30-hydroxylup-20-(29)-en-3β-ol (6), atranorin, methyl 2,4-dihydroxy-3,6 dimethyl benzoate, sitosterol-3β-O-glucoside and linoleic acid were found in the analyzed plant species for the first time. The structures of the new metabolites were elucidated by extensive spectroscopic analyses and their relative stereochemistry was determined by NOESY experiments. The new metabolite 3 exhibited significant cytotoxic activity against the NSCLC-N6 cell line, derived from a human non-small-cell bronchopulmonary carcinoma.
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Introduction


Acacia is the second largest genus in the Leguminosae family, comprising more than 1200 species worldwide [1], with members found in almost all habitats. Out of the 1200 Acacia species, approximately 800 are found in Australia [2], 130 in Africa [3], 20 in India [4,5], a smaller number in Asia, and the remaining species in the New World. The stem bark of Acacia mellifera (Leguminosae) is used in traditional African ethnomedicine for the treatment of pneumonia, malaria, primary infection of syphilis, sterility and stomach-ache [6]. Chemical investigations on other Acacia species have led to the isolation of alkaloids [7], chalcone glycosides [8], diterpenes [9] and flavonoids [10]. The isolation of the triterpenes acacigenin B [11], lupeol, lupenone, lupenyl palmitate and lupenyl cinnamate [12] has also been reported. Several triterpenoids, related to the above mentioned, have also been discovered during investigations of other species, namely Gymnosporia wallichiana and Pseudocyphellaria rubella [13,14].



In the course of our investigations towards the isolation of bioactive metabolites from terrestrial and marine organisms [15,16] we started a chemical study on the bark extract of A. mellifera, traditionally used in African medicine. Nine lupane triterpenoids, including the new natural product 28-hydroxy-3-oxo-lup-20-(29)-en-30-al, all bearing functionalised isopropylidene side chains were isolated in our previous study from the non polar fractions of A. mellifera extract [17]. In the present investigation we report the isolation of three new triterpenes, (20R)-3-oxolupan-30-al (1), (20S)-3-oxolupan-30-al (2) and (20R)-28-hydroxylupen-30-al-3-one (3), along with (20S)-3β-hydroxylupan-30-al (4) this last previously isolated together with its (20R) epimer as an inseparable mixture [14], the known metabolites 30-hydroxylup-20-(29)-en-3-one (5) [18], 30-hydroxylup-20-(29)-en-3β-ol (6) [19,20], atranorin, methyl-2,4-dihydroxy-3,6 dimethyl benzoate, sitosterol-3β-O-glucoside, and linoleic acid all isolated for the first time from tissues of A. mellifera. The structure elucidation of the new natural products was accomplished by extensive analyses of their spectral data. In addition the cytotoxicity evaluation of the isolated metabolites on the NSCLC-N6 cell line showed significant activity levels for metabolite 3.




Results and Discussion


After evaporation under vacuum the stem bark extract of A. mellifera was subjected to a series of chromatographic purifications, including several HPLC separations, to afford metabolites 1-6, along with quantities of atranorin, methyl-2,4-dihydroxy-3,6-dimethyl benzoate, sitosterol-3β-O-glucoside, and linoleic acid.



Metabolite 1 was obtained as a colourless gum and its HRFAB-MS spectrum showed an ion peak at m/z 439.3596, consistent with the molecular formula C30H47O2 ([M+Η]+). The IR spectrum of 1 showed an absorption band at 1,704 cm-1 indicative of the presence of carbonyl functionalities, a fact supported by 13C-NMR data. The 13C-NMR spectrum of 1, measured in CDCl3, showed signals of 30 carbon atoms, which were identified with the assistance of its DEPT spectrum as seven methyls, ten methylenes, seven methines, and six quaternary carbons (Table 1). Two of these appearing at δC 207.1 and 218.5 were attributed to the carbons of an aldehyde and a ketone, respectively. Furthermore, from the NMR spectra it was clear that the molecule did not contain any double bonds. From the above findings, the five degrees of unsaturation consistent for a pentacyclic structure and the spectral similarities with the triterpenes previously isolated from the non polar fractions, metabolite 1 was suspected to be a lupane-type triterpene with a saturated side chain.



Table 1. NMR spectral data for metabolites 1 – 4 a.







	
#

	
1 (δH)

	
1 (δC)

	
2 (δH)

	
2 (δC)

	
3 (δH)

	
3 (δC)

	
4 (δH)

	
4 (δC)






	
1

	
α,1.40 (m)

β,1.91 (m)

	
39.4

	
α, 1.90 (ddd, 4.4, 7.6, 13.2)

β, 1.38 (m)

	
39.5

	
α,1.39 (m)

β,1.91 (m)

	
39.5

	
α, 0.90(m)

β, 1.63 (m)

	
38.7




	
2

	
α, 2.40 (ddd, 4.7, 7.8, 15.7)

β, 2.47 (ddd, 7.5, 9.6, 15.7)

	
34.0

	
α, 2.40 (m),

β, 2.47 (ddd, 7.3, 9.7, 15.9)

	
34.1

	
α, 2.42 (ddd, 4.4, 7.9, 15.8)

β, 2.46 (ddd, 7.5, 9.8, 15.8)

	
34.1

	
α, 1.58 (m)

β, 1.63 (m)

	
27.4




	
3

	

	
218.5

	

	
217.8

	

	
218.0

	
3.18 (dd, 4.4, 10.6)

	
79.0




	
4

	

	
47.3

	

	
47.3

	

	
47.3

	

	
38.9




	
5

	
1.33 (m)

	
54.7

	
1.32 (m)

	
54.8

	
1.34 (m)

	
54.7

	
0.67 (dd, 2.72, 9.20)

	
55.2




	
6

	
α,1.44 (m)

β,1.56 (m)

	
19.6

	
2H, 1.41-1.53 (m)

	
19.6

	
2Η ,1.48 (m)

	
19.7

	
α, 1.38 (m)

β, 1.52 (m)

	
18.3




	
7

	
2H, 1.44 (m)

	
33.4

	
2H, 1.45 (m)

	
33.6

	
2Η , 1.44 (m)

	
33.5

	
2H, 1.37 (m)

	
34.3




	
8

	

	
40.6

	

	
40.8

	

	
40.9

	

	
40.8




	
9

	
1.38 (m)

	
49.2

	
1.38 (m)

	
49.3

	
1.40 (m)

	
49.3

	
1.28 (m)

	
50.0




	
10

	

	
36.7

	

	
36.8

	

	
36.8

	

	
37.1




	
11

	
α, 1.55 (m)

β, 1.40 (m)

	
21.3

	
α, 1.06 (m)

β, 1.52 (m)

	
21.2

	
α, 1.51 (m)

β, 1.35 (m)

	
21.3

	
α, 1.47 (m)

β, 128 (m)

	
20.7




	
12

	
α, 1.38 (m)

β, 1.56 (m)

	
27.4

	
α, 1.35 (m)

β, 1.65 (m)

	
26.5

	
α, 1.34 (m)

β, 1.55 (m)

	
27.6

	
α, 1.65 (m)

β, 1.38 (m)

	
26.5




	
13

	
1.74 (m)

	
37.8

	
1.79 (ddd, 4.1, 11.7, 11.7)

	
37.8

	
1.70 (m)

	
37.0

	
1.77 (ddd 4.4, 11.6 , 11.6)

	
37.7




	
14

	

	
42.9

	

	
43.1

	

	
42.9

	

	
42.8




	
15

	
α, 1.05 (m)

β, 1.69 (m)

	
27.1

	
α, 1.03 (m)

β, 1.69 (m)

	
27.2

	
α, 1.07 (m)

β, 1.72 (m)

	
26.8

	
α, 1.03 (m)

β, 1.70 (m)

	
27.2




	
16

	
2H, 1.47 (m)

	
35.1

	
a, 1.46 (m)

b, 1.53 (m)

	
35.2

	
α, 1.19 (m)

β, 1.92 (m)

	
29.1

	
α, 1.48 (m)

β, 1.59 (m)

	
35.3




	
17

	

	
43.0

	

	
42.9

	

	
47.8

	

	
43.0




	
18

	
1.43 (m)

	
48.9

	
1.26 (m)

	
47.0

	
1.64 (m)

	
49.3

	
1.24 (m)

	
47.1




	
19

	
1.89 (m)

	
42.6

	
2.35 (m)

	
37.3

	
1.91 (m)

	
42.7

	
2.35 (m)

	
37.4




	
20

	
2.60 (m)

	
48.9

	
2.63 (dq, 2.9, 6.8)

	
49.7

	
2.57 (m)

	
49.0

	
2.64 (dq, 3.1, 6.8)

	
49.7




	
21

	
α, 1.51 (m)

β, 1.88 (m)

	
25.0

	
α, 1.15 (m)

β, 1.68 (m)

	
23.6

	
α, 1.55 (m)

β, 1.92 (m)

	
24.9

	
α, 1.15 (m)

β, 1.68 (m)

	
23.6




	
22

	
α, 1.36 (m)

β, 1.47 (m)

	
39.9

	
α, 1.39 (m)

β, 1.45 (m)

	
40.4

	
α, 0.98(m)

β,1.92 (m)

	
33.7

	
α, 1.08 (m)

β, 1.38 (m)

	
40.4




	
23

	
1.06 (s)

	
26.6

	
1.06 (s)

	
26.6

	
1.06 (s)

	
26.7

	
0.96 (s)

	
28.0




	
24

	
1.01 (s)

	
21.0

	
1.01 (s)

	
21.1

	
1.01 (s)

	
21.1

	
0.75 (s)

	
15.4




	
25

	
0.91 (s)

	
15.7

	
0.93 (s)

	
15.9

	
0.91 (s)

	
16.0

	
0.82 (s)

	
16.0




	
26

	
1.06 (s)

	
15.7

	
1.07 (s)

	
15.8

	
1.06 (s)

	
15.8

	
1.03 (s)

	
15.9




	
27

	
0.92 (s)

	
14.2

	
0.93 (s)

	
14.3

	
0.94 (s)

	
14.5

	
0.92 (s)

	
14.3




	
28

	
0.75 (s)

	
17.5

	
0.78 (s)

	
17.9

	
α, 3.26 (d, 10.9)

β, 3.76 (d, 10.9)

	
60.1

	
0.78 (s)

	
17.9




	
29

	
1.07 (d, 7.2)

	
14.4

	
1.01 (d, 6.8)

	
7.4

	
1.09 (d, 7.20)

	
14.5

	
1.01 (d, 6.8)

	
7.4




	
30

	
9.84 (d, 2.0)

	
207.1

	
9.60 (s)

	
205.1

	
9.83 (d, 2.0)

	
206.7

	
9.60 (s)

	
205.1








a1H (400 MHz) and 13C (50.3 MHz) NMR spectra were recorded in CDCl3 with TMS as internal standard, δ (ppm), (J) in Hz








The latter assumption was also supported by the presence of a methyl doublet at δH 1.07 ppm. Comparison of the spectral data of 1 with those of 28-hydroxy-3-oxo-lup-20-(29)-en-30-al, a metabolite that had been earlier isolated by us from A. mellifera showed great similarity, with the exception of the absence of a double bond on the side chain and the reduction of C-28. The assignment of the proton and carbon signals on the side chain was assisted by the correlations observed in the HMBC spectrum between H-30 (9.84 ppm) and both C-29 (14.4 ppm) and C-19 (42.6 ppm) as well as by the correlation between H-29 (1.07 ppm) and C-19 (δC 42.6, s). Finally, the quaternary carbon signal at δC 218.0 was readily assigned to C-3 on the basis of its long-range correlations with H-23 and H-24. Additional information from the COSY and HMBC spectra allowed full assignments of all signals for metabolite 1. The H-19 resonating at δH 1.89 (m) was found to have nOe interactions with H- 28 (δH 0.75, s) indicating a β-orientation for both. Thus, the isopropanal group located at C-19 should be α-oriented. Additionally the H-28 protons showed nOe interactions with H-13 (δH 1.74 ppm), confirming the orientation of H-13β. The absence of nOe between H-18 and H-28 is indicative of the trans fusion of rings D and E. The remaining correlations that were similar to those observed with related compounds and in agreement with the biosynthesis of lupane triterpenes allowed the determination of relative stereochemistry (Figure 1).


Figure 1. Isolated lupane triterpenes from A. mellifera.
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The second isolated lupane metabolite 2 had the same molecular formula C30H49O2, the same functional groups and very similar spectral data (Table 1) as compound 1, therefore they were considered to be stereoisomers. The most significant spectral differences between metabolites 1 and 2 were observed for C-30 (δC/δΗ: 207.1/9.80 d, 2.0 Hz for 1; δC/δΗ: 205.1/9.60, s for 2), C-29 (δC/δΗ: 14.4/1.07 d, 7.17 Hz for 1; δC/δΗ: 7.4/1.01, d, 6.76 Hz for 2) and C-19 (δC/δΗ: 42.6/1.89 m, for 1; δC/δΗ: 37.3/2.35, m for 2). According to the method developed by Corbett and coworkers for the definition of absolute configuration at C-20 in similar lupane-type triterpenoids, carbons C-30, C- 29 and C-19 in 20R centers resonate in lower fields than those of the 20S epimers. Subsequently, on this basis the absolute configuration of metabolite 1 was assigned as 20R and the corresponding of metabolite 2 as 20S. This assumption is further supported by the optical rotations of compounds 1 and 2 that follow the trend of the 20R epimers having negative values whereas the 20S epimers appear dextrorotatory in analogous lupane-type compounds [21,22,23].



Metabolite 3 was also isolated as a colourless gum and on the basis of its HRFAB-MS spectrum (m/z 457.3672, [M-H]+), along with the 1H- and 13C-NMR spectral data, the molecular formula C30H48O3 was established. The IR spectrum of 3 revealed the presence of a hydroxy, and a keto-carbonyl functionality by the absorptions at vmax 3,625 and 1,702 cm-1, respectively. The 13C-NMR spectrum of 1 measured in CDCl3, showed signals of 30 carbon atoms, which were identified by the assistance of DEPT spectrum as six methyls, eleven methylenes, seven methines, and six quaternary carbons (Table 1). The signals appearing at δC 206.7 and 218.0 were attributed to the carbons of an aldehyde and a ketone, also confirmed by IR and DEPT spectra. The presence of a hydroxymethylene in the molecule was obvious from the chemical shift of the sole oxygenated sp3 carbon at δC 60.1 ppm, the IR and DEPT spectra. Comparison of the spectral data of 3 with those of metabolites 1 and 2 showed great similarity, with the exception of C-17 methyl being replaced by a hydroxymethylene. The HMBC experiment confirmed the position of the hydroxyl group by the correlations observed in the spectrum between H-28 (3.26 d, 3.76 d) with both C-16 (29.1 ppm) and C-22 (33.7 ppm). The correlations on the NOESY spectrum confirmed the retention of the relative configuration as described for metabolites 1 and 2. The spectral similarity of metabolite 3 with compound 1, especially the δC 14.5 ppm for C-29 (14.4 for 1) and the δH 9.83 ppm d, J= 2.0 Hz for C-30 (9.84, d, J= 2.0 Hz for 1) undoubtly indicated the 20R absolute configuration for metabolite 3.



Metabolite 4, that was isolated in pure form as a single epimer, showed spectral characteristics supporting the structure shown in Figure 1. Compound 4 has been described in the past as a constituent of a mixture along with the 20R epimer. The full assignment of the proton and carbon resonances for this metabolite is shown in Table 1. The present study showed that the 20R and 20R epimers of 4, in contrast to what was previously believed can be isolated in pure form [14,23].



Chromatographic separations led also to the isolation of 30-hydroxylup-20-(29)-en-3-one (5) [24] and 30-hydroxylup-20-(29)-en-3β-ol (6) [20,25], previously isolated from Catha cassinoides and Cassine papillosa, respectively, along with small amounts of atranorin [26], methyl 2,4-dihydroxy-3,6- dimethyl benzoate [27], sitosterol-3β-O-glucoside [28], and linoleic acid [29]. The structure elucidation of the known metabolites was based on comparison of their spectral data with literature values.





The antitumor activity of lupane derived triterpenoid compounds was first discovered over 20 years ago, when extracts from the stem barks of various plants were tested for cytostatic activity using different in vivo cancer model systems [30,31]. This has led to the isolation of betulinic acid, the best-known representative of the lupane-derived compounds with antiproliferative properties [32]. In a study on relationships between structure and activity of lupane triterpenes on the induction of B16 cell 2F2 cell differentiation and apoptosis, it was demonstrated that the keto function at C-3 enhanced their differentiation-inducing activities [33].



In the present study metabolites 1-6 were evaluated for cytotoxic activity against the NSCLC-N6 cell line. The new metabolite 3 showed noteworthy levels of activity (IC50= 39.5 ± 1.2 μM) whereas the activity of all other tested metabolites was not significant.



Structure-activity correlations for 1-4 and similar lupanes tested earlier on the same cell line [17] show that the hydroxyl group on C-28 is necessary for expression of cytotoxicity. Even though the potencies of the assayed metabolites are two orders of magnitude lower than those expressed by the anticancer drug navelbin on the same biological systems, the significantly lower toxicity of the tested metabolites is an indispensable advantage.




Experimental


General


Optical rotations were measured on a Perkin-Elmer model 341 polarimeter with a 10 cm cell. UV spectra were obtained in spectroscopic grade C6H14 on a Shimadzu UV-160A spectrophotometer. IR spectra were obtained using a Paragon 500 Perkin-Elmer spectrophotometer. NMR spectra were recorded using a Bruker AC 200 or a Bruker DRX 400 spectrometers. Chemical shifts are given in δ (ppm) scale using TMS as internal standard. The 2D experiments (1H–1H COSY, HMQC, HSQC, HMBC) were performed using standard Bruker programs. High Resolution Mass Spectra data were provided by the University of Notre Dame, Department of Chemistry and Biochemistry, Notre Dame, Indiana, USA. EIMS data were recorded on a Hewlett Packard 5973 Mass Selective Detector. Column chromatography was performed with Kieselgel 60 (Merck), HPLC was conducted on an Agilent 1100 series with refractive index detector, with Kromasil Sil 100, 5 um, 250 x 8 mm column. TLC was performed with Kieselgel 60 F254 (Merck aluminum support plates).




Plant Material


The stem bark of A. mellifera was collected in Machakos territory in Kenya. The plant was identified by Mr Onesimus Mwangangi at the East African Herbarium-Museum and a voucher specimen is deposited at the collection of the same institute in Nairobi.




Extraction and Isolation


Air-dried, powdered stem bark of A. mellifera (2.25 kg, wet wt) was extracted with CH2Cl2 (100%) and MeOH (100%), filtered and the extracts separately reduced to dryness under vacuum. The CH2Cl2 residue was subjected to column chromatography on silica gel, using mixtures of cyclohexane with increasing amounts of EtOAc as eluents to afford sixty one fractions that were combined into fractions I-IX on the basis of their spectral similarities, as deduced from their NMR spectra. Fraction III, eluted with cyclohexane-EtOAc (98:2-92:8), was purified on silica gel using cyclohexane-EtOAc (90:10) and further subjected to a series of normal phase HPLC separations to yield 1 (3.5 mg) and 2 (2.7 mg). Fraction VI, eluted with cyclohexane-EtOAc (75:25-70:30), was purified by normal phase HPLC using cyclohexane-EtOAc (80:20) to afford metabolites 3 (3 mg), 4 (2.7 mg) and atranorin (3.4 mg). Fraction V, eluted with cyclohexane:(90:10 - 80:20), was further chromatographed over silica gel using n-hexane-EtOAc (70:30) to yield metabolites 5 (32 mg), 6 (12 mg) and impure metabolites that were further purified by normal phase HPLC using n-hexane-EtOAc (80:20) to afford methyl 2,4-dihydroxy-3,6-dimethylbenzoate (2.0 mg) and sitosterol-3β-Ο-glycoside (1.2 mg). Finally, fraction IV was chromatographed by normal phase HPLC using as eluent mixtures of cyclohexane-EtOAc (5:11) to yield linoleic acid (5mg).



(20R)-3-Oxolupan-30-al (1). Colourless gum; [α]D20 -3.14° (CHCl3; c 0.64); IR (CHCl3) νmax cm-1: 2,942, 2,348, 1,704, 1,526, 1,234 cm-1 ; EIMS 70eV, m/z (rel. int. %): 382 (100), 163 (40), 205 (28), 81 (22), 55 (21), 107 (18), 189 (12), 135 (12), 425 (4), 273 (4) ; HRFAB-MS (m/z): 439.3596 [M-Η]+ (calcd. for C30H47O2, [M-Η]+: 439.35781); 1H-NMR (400 MHz, CDCl3) and 13C-NMR (50.3 MHz, CDCl3): see Table 1.



(20S)-3-Oxolupan-30-al (2). Colourless gum; [α]D20 +5.5° (CHCl3; c 0.18); IR (CHCl3) νmax cm-1: 2,942, 2,348, 1,704, 1,526, 1,234 cm-1; EIMS 70eV, m/z (rel. int. %): 382 (100), 163 (40), 205 (28), 81 (22), 55 (21), 107 (18), 189 (12), 135 (12), 425 (4), 273 (4); HRFAB-MS (m/z): 441.3735 [M+Η]+ (calcd. for C30H49O2, [M+Η]+: 441.3734); 1H-NMR (400 MHz, CDCl3) and 13C-NMR (50.3 MHz, CDCl3): see Table 1.



(20R)-28-Hydroxy-3-oxo-lupan-30-al (3). Colourless gum; [α]D20 -5.0° (CHCl3; c 0.60); IR (CHCl3) νmax cm-1: 3,625, 2,946, 2,360, 1,702, 1,521, 1,446, 1,249, 1,025 cm-1; EIMS 70eV, m/z (rel. int. %): 154 (100), 136 (90), 307 (25), 289 (15), 220 (10), 259 (5), 391 (5), 367 (4).; HRFAB-MS (m/z): 457.3682 [M+Η]+ (calcd. for C30H49O3, [M+Η]+: 457.3684); 1H-NMR (400 MHz, CDCl3) and 13C- NMR (50.3 MHz, CDCl3): see Table 1.




Evaluation of Cytotoxicity


The NSCLC-N6 cell line [34], derived from a human non-small-cell broncho-pulmonary carcinoma (moderately differentiated, rarely keratinizing, classified as T2N0M0) was used for all experiments. The cell were cultured at 37 oC in an air/carbon dioxide (95:5, v/v) atmosphere in RPMI 1640 medium with 5 % fetal calf serum, to which were added penicillin (100 IU·mL-1), streptomycin (100 μg·mL-1) and glutamine (2 mM). Under these conditions, cell doubling time was 48 h. Cells used in the experiment never exceeded 35 passages. Experiments were performed in 96 wells microtiter plates (2x105 cells·mL-1). Cell growth was estimated by colorimetric assay based on the conversion of tetrazolium dye (MTT) to a blue formazan product by live mitochondria [35]. Eight repeats were performed for each concentration. Control growth was estimated from 16 determinations. Optical density at 570 nm corresponding to solubilized formazan was read for each well on Titertek Multiskan MKII.
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